Using first-principles calculations, we systematically study the adsorption behaviors of molecular CO on the Be (0001) surface. By calculating the potential energy surfaces, we find that CO molecularly adsorbs on the Be surface with small energy barriers. The most stable adsorption state is found to be the one at the surface fcc hollow site, and the one at the surface top site is the adsorption state that has the smallest energy barrier. Based on electronic structure analysis, we further reveal that during the molecular adsorption, the 5σ bonding and 2π antibonding orbitals of CO hybridize with s and p z electronic states of Be, causing electrons to transfer from CO to Be.
I. INTRODUCTION
It is of great importance to study the adsorption and dissociation of diatomic molecules on metal surfaces to meet many intrinsic academic interests 1, 2 . Besides, the adsorption of carbon monoxide (CO) on metal surfaces is one important part in many technological processes such as heterogeneous catalysis 3 , corrosion 4,5 , gas sensing 6 and exhaust gas removing 7 , and so has been studied extensively. For the adsorption on transition metal surfaces, it has been found that CO molecularly adsorbs on almost all transition metal surfaces without any energy barriers 8, 9 . In comparison with the vast studies on the adsorption properties of CO on transition metals, the adsorption of CO on simple metal surfaces has seldom been studied yet because of their irrelevance to heterogeneous catalysis. Only very recently, Hellman et al. predicted by using first principles calculations that CO adsorbs on the Al (111) surface molecularly with a small energy barrier 9 , different from the adsorption behaviors of CO on transition metal surfaces.
However, many studies are now being applied to explore the possibilities to use fabricated simple metal structures instead of transition metals in catalytical processes 10 , because specially fabricated metal structures have displayed quite different catalytic properties with bulk metal materials 11 , and simple metals are always lighter and cheaper than transition metals. So the adsorption properties of CO on simple metals also need to be studied, specially considering that so scarce theoretical studies of this issue are available in literature and it is impossible for one to give any concluding remarks on the common nature of the CO adsorption on simple sp metal surfaces. Motivated by this observation, in this paper we use first-principles calculations to systematically study the adsorption of CO on the Be (0001) surface. The reason why we choose Be as the prototype for simple metals is that Be has long been used in nuclear reactors as air cleaners to adsorb many kinds of residue gases 
III. RESULTS AND DISCUSSION
Firstly, we do a geometry optimization for the clean Be (0001) surface, during which the bottom two atomic layers of the Be surface is fixed and other Be atoms are free to relax until the forces on them are less than 0.02 eV/Å along the x, y and z directions (as shown in bri-x, y1, y2, z1, z2, hcp-x, y1, y2, z1, z2 and fcc-x, y1, y2, z1, z2.
The calculated 2D PES cuts along the top-z1, top-z2, and top-x channels are shown in
Figs. 2(a)-(c) respectively, which are quite different from each other. The calculated 2D
PES cuts along other adsorption channels at the top site have similar shapes with that along the top-x channel and thus are not plotted here for brevity. As shown in Fig. 2 , we find that the adsorption of molecular CO at the surface top site only occurs when the CO molecule is perpendicular to the metal surface with C end-on orientation. Similar results have been obtained in the CO/Al(111) system 8, 9 . In following discussion the adsorption state for molecular CO along the top-z1 channel will be called as the TZ state. In the PES cut along the top-z2 channel, no CO molecular adsorption states exist, and the energy needed to separate the C and O atoms by 1.80Å is very high (∼ 6.8 eV). For the adsorption process along the top-x channel and all similar (namely, top-y1 and top-y2) channels, there are no adsorption states either. However, the energy needed to separate the C and O atoms by 1.8
A is relatively small (∼ 3.05 eV). More interestingly, we find that for a CO molecule to reach the TZ state, it needs to overcome an energy barrier of 0.11 eV, which is quite different from the molecular adsorption of CO on transition metal surfaces, where the energy barrier is zero.
Through systematic PES calculations, we find that there are always molecular adsorption states when the CO molecule is perpendicular to the Be(0001) surface with C end-on orientations. For illustration the PES cuts along the hcp-, fcc-, and bri-z1 channels are shown indicating that in experiment they should all be observed at room temperature.
In addition to the four molecularly adsorbed states revealed in Fig. 3(d) , we also find 4 another kind of local-minimum states, which is along the bri-y1 and -y2 channels. Figure 4 and its inset respectively show the PES cut along the bri-y1 channel and the corresponding minimum energy path (the situation for the bri-y2 channel is quite similar and so is not shown here). However, one can see that the energy barrier to evolve into this local-minimum state (named as LM1) is as large as 1.35 eV. Moreover, the total energy of the LM1 state is 0.80 eV higher than that in the free case (namely, clean Be surface plus isolated CO molecule),
indicating that this kind of molecularly adsorbed state seldom happen in practice.
Now let us see the stability of these molecularly adsorbed states by calculating their adsorption energies as follows
where E CO , E Be(0001) , and E CO/Be(0001) are the total energies of the CO molecule, the clean Be surface, and the adsorption system respectively. According to this definition, a positive value of E ad indicates that the adsorption is exothermic (stable) with respect to a free CO molecule and a negative value indicates endothermic (unstable) reaction. The calculated adsorption energies are 0.64, 0.61, 0.68 and 0.51 eV for the TZ, HZ, FZ and BZ states, and -0.80 and -0.91 eV for the two local-minimum states along the bri-y1 and y2 channels, respectively. From the calculated adsorption energies, we can see that the FZ state is a little more stable than the TZ, HZ and BZ states. In consideration of our previous result that there are less electrons distributed at the surface fcc hollow site than at other sites 25 , the relative stability for the four adsorption states seems to indicate that the interactions between the CO molecule and the Be(0001) surface are dominated by charge transfer from CO to Be, which will be discussed in the follows.
As mentioned above, the energy differences among the TZ, HZ, FZ and BZ states are very tiny, and the energy barriers to reach them are also small enough to be overcome at room temperatures. So for further illustration, we here calculate the PDOS for all of these molecularly adsorbed states. We find that the four adsorption states have similar PDOS characters. As a typical example, we plot in (0001) surface. Besides, we see that no charge transfer from electronic states of Be back to the CO molecule as there are no new orbital occupation in the PDOS of CO after adsorption.
So the net charge transfer during the adsorption is from CO to Be. This result confirms our earlier speculation that the FZ state is stabler than the TZ, HZ and BZ states because electrons are easier to transfer from CO to Be at the surface fcc site. Moreover, since the 5σ bonding orbital of CO is asymmetric in that more electrons distribute around C than around O atom 26 , the present PDOS analysis can also explain why only along the channels with C end-on orientations there are molecularly adsorbed states. The reason is that charge transfer happens easier when C atoms are close enough to the Be surface. surface rather insulating than metallic. The same conclusion can also be derived from Fig.   5 , which shows that the surface Be PDOS at the Fermi energy is largely decreased after molecular adsorption of CO.
IV. CONCLUSION
In conclusion, we have studied the adsorption behavior of CO on the Be (0001) surface by using first-principles DFT method. Through systematic PES calculations, we have revealed that the adsorption of CO on the Be (0001) surface is molecular with small energy barriers.
The stable adsorption states all have C end-on orientations. The most stable adsorption state for molecular CO has been found to be along the fcc-z1 channel, while the adsorption state with the smallest energy barrier is along the top-z1 channel. It has also been shown that the interactions between CO and the Be surface are dominated by charge transfer from CO to Be. We expect that the present results are greatly helpful for the practical usage of Be surfaces in adsorbing residual gases in experimental nuclear fusion reactors.
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